Abstract-This review surveys the main methods of preparing chitosan and its hydrophobic derivatives and their influence on the microstructure of polymers. The experimental data on the aggregation of these poly mers in dilute aqueous solutions are summarized. Basic factors affecting aggregation are analyzed, and its general regularities are revealed. It is shown that, in the case of both chitosan and its hydrophobic derivatives, the formation of aggregates is governed by the competition of attraction of associating groups promoting aggregation and their repulsion arising from the presence of charged units and counterions hindering aggre gation. Various aggregate models that were proposed for chitosan derivatives with different main chain lengths and different contents of associating groups are discussed.
INTRODUCTION
Chitosan is an extremely promising biopolymer that is isolated primarily from seafood processing wastes. This polymer possesses a number of valuable properties. It is practically a single polycation of natu ral origin [1] . Chitosan is nontoxic, biocompatible, and biodegradable; as a result, it is not accumulated in the body and in the environment [2, 3] .
Owing to its unique properties, chitosan has found wide use in medicine; the pharmaceutical, food, fra grance, and cosmetic industries; agriculture; and waste water treatment [1] [2] [3] [4] [5] [6] [7] .
In the food industry, chitosan is employed as a thickener and stabilizer of dietetic foodstuffs [5] and as a biologically active additive [6] that destroys patho genic microflora and binds and removes fats, toxins, heavy metal ions, and radionuclides from the body.
In the cosmetic industry, chitosan, which effi ciently adsorbs on the negatively charged surface of hair to form a protective film, is used as an antistatic and conditioner in the manufacture of shampoos [1, 7] .
Owing to its antimicrobial activity [8] , chitosan is used in agriculture to control soil nematodes under ground cover and stem and root rot [9] and as a bio stimulant providing an increase in crop capacity by 25-40% [5] .
Chitosan is employed for sewage treatment because it can induce the flocculation of emulsions stabilized by anionic surfactants [10] and can bind heavy metal 1 This work was supported by the federal target program Scientific and Educational Specialists of Innovation Russia for 2009-2013. ions [11] , surfactants, synthetic and natural polyan ions (e.g., proteins), and other contaminants [5] . Public health heads the list of application areas of chitosan [12] . This situation is associated, in particu lar, with its high biological activity. It was found [3] that chitosan shows hemostatic, bactericidal, fungi cidal, antitumoral, anticholesteremic, and immuno adjuvant properties and has a sedative effect on the central nervous system. Chitosan is in wide use in the manufacture of weight loss drugs [5] because it binds fats that are contained in food and removes them from the body; in addition, the adsorption layers of chitosan complexes with fatty acids facilitate inhibition of fat hydrolysis by enzymes and thus aggravate its assimila tion in the body. However, the most important appli cation of this polymer is its use as a drug carrier [13] [14] [15] [16] [17] [18] [19] . The positive charge of chitosan facilitates its pen etration through cellular membranes and epithelial dense layers, thereby providing good adhesion to mucous coatings and antimicrobial properties [2] . Owing to its ability to bind oppositely charged DNA, chitosan can be used for gene delivery as well [13, 20, 21] .
New properties may be imparted to chitosan through its chemical modification via incorporation of corresponding substituents. If modification does not involve polymer main chains and a part of the func tional groups, the valuable properties of chitosan are preserved. The incorporation of hydrophobic substitu ents into chitosan is a very promising approach. These substituents form hydrophobic domains [22] [23] [24] [25] [26] [27] that may absorb drugs poorly soluble in water; as a result, the application areas of chitosan as a drug carrier become wider. Moreover, hydrophobic substituents may enhance transfection [28] [29] [30] ; therefore, the effi ciency of chitosan as gene delivery vehicle may be improved.
The use of chitosan is mostly related to its aqueous solutions; therefore, there is a need to understand its behavior in such a medium. In some cases, chitosan forms true solutions of individual macromolecules [31] [32] [33] [34] [35] ; in other cases, it undergoes aggregation . Research into the solution behavior of individual macromolecules is important for determining the characteristics of individual chitosan chains, specifi cally, their molecular masses. However, self aggregates of chitosan, which show promise as carriers of drugs and genes, are of special interest. Knowledge of the regularities controlling the formation of aggregates and factors determining their dimensions make it pos sible to prepare carriers with desired dimensions [42] . Self aggregates may be stabilized via covalent crosslinking, for example, with glutaraldehyde [57] [58] [59] [60] [61] , epichlorohydrin [62] or diisocyanate [63] . In addition, the study of aggregation is of interest because this phenomenon may affect the biological activity of chitosan and its derivatives [43] and, accordingly, the efficiency of their application in medicine.
Chitosan has been the focus of increasing attention from researchers; therefore, many review papers and books devoted to this polymer have been published [1, 13, [64] [65] [66] [67] . However, practically no data is available on the aggregation of chitosan in aqueous solutions. This fact motivated us to compile the present review, which summarizes the data on the preparation of chi tosan and its hydrophobic derivatives and their aggre gation in dilute aqueous solutions; the latter phenom enon shows promise for the design of nanoscale drug carriers.
PREPARATION OF CHITOSAN
Chitosan is a linear aminopolysaccharide com posed of two types of units: 2 acetamido 2 deoxy D glucopyranose (N acetyl D glucosamine) and 2 amino 2 deoxy D glucopyranose (D glucosamine).
Here, DA is the degree of acetylation.
Chitosan occurs in nature in some fungi (Mucora ceae [65] ); however, its main source is chitin. This polysaccharide is second in abundance in nature to cellulose. Chitin is one of the main components of the exoskeleton of arthropods (crustaceans, arachnids, and insects); it enters into the composition of the cell walls of fungi, bacteria, and some algae [2, 3, 65] .
The main source of raw material for the commer cial production of chitin is provided by the shells of crustaceans (crabs, lobsters, krill) [68] which are waste products of their processing. Shells are comprised of three main components: chitin, calcium carbonate, and protein [3, 69] . In addition, they contain small amounts of lipids and pigments. The mean content of chitin in shells does not exceed 20-25% [68] . Chitin is insoluble in most solvents; therefore, it cannot be iso lated directly from shell [69] . Chitin is obtained through the successive separation of the mineral and protein components of the shell. For this purpose, the shells are treated with hydrochloric acid (for deminer alization) and then caustic soda (for deproteination). The precipitate is washed with water and then the fats and the pigments are removed from it, for example, via extraction with ethyl acetate [69] .
Chitosan in turn is prepared by the deacetylation of chitin, that is, by its chemical modification leading to the splitting off acetyl groups. The acetyl groups of chitin are stable against hydrolysis owing to the pres ence of hydrogen bonds between C=O and N-H frag ments of amide groups of neighboring chains. There fore, deacetylation is conducted under severe condi tions [68, 70] through treatment with a concentrated aqueous solution of NaOH at a high temperature (110-140°С) for 4-6 h. Under these conditions, not only acetyl groups are eliminated but also glycoside bonds between repeat units are ruptured; that is, deg radation of the polymer occurs [68, 69] . Thus, chitin isolated from shells of crustaceans has a molecular mass of nearly (2.0-2.5) × 10 6 [68] , whereas the molecular mass of chitosan is usually an order of mag nitude lower.
Both chitin and chitosan are crystallizable poly mers. On average, the degree of crystallinity of chitin is 70%; in the case of chitosan, it is lower: 30-45% [68, 71] . This fact is explained by the distortion of the reg ular structure of the polymer during deacetylation.
Despite the severe conditions of deacetylation, it is frequently impossible to attain full splitting of all acetyl groups. As a result, the final polymer (chitosan) contains intact chitin N acetyl D glucosamine units along with D glucosamine units. The mean content of acetyl groups is characterized by the degree of acetyla tion. It is impossible to cite a certain DA value below which the polymer is regarded as chitosan and above
which the polymer is regarded as chitin. These poly mers are usually distinguished by their abilities to dis solve in dilute aqueous solutions of organic acids, because chitosan is soluble, while chitin is insoluble in such a medium. Solubility appears, as a rule, at DA < 50-60% [1] .
Depending on deacetylation conditions, a copoly mer with a microblock or statistical distribution of acetyl units can be prepared. The microblock distribu tion is observed if the reaction is conducted under het erogeneous conditions, when the chitin powder in the solid state is treated with concentrated alkali [1] . The statistical distribution of acetyl units is obtained if the dissolved chitin is treated with alkali under homoge neous conditions [72] .
In the above section, only the main methods of the isolation of chitin from raw materials and its deacety lation are highlighted. Other methods are covered in reviews [65, 69] .
PREPARATION OF HYDROPHOBIC DERIVATIVES OF CHITOSAN
The presence of two hydroxyl groups and one amino group in chitosan units opens wide possibilities for chemical modification, including the incorpora tion of hydrophobic groups. The most widespread methods of preparing hydrophobic derivatives of chi tosan are described below.
Alkylated Derivatives of Chitosan
N Alkylated chitosan is prepared by the reaction of amino groups with aldehydes or ketones (the Schiff reaction) followed by reduction of the formed imines to amines with borohydride NaBH 4 or sodium cyanoborohydride NaBH 3 CN [65, 69, [73] [74] [75] [76] [77] .
Less often, N alkylated chitosan is prepared by the reaction of amino groups of the polymer with alkyl bromide [33, 34] or alkyl iodide [78] .
Acylation Derivatives of Chitosan
Compared to N alkylation, acylation opens wider synthetic opportunities because this method makes it possible to add hydrophobic groups to O or N atoms or to both atoms at once. Moreover, the addition of a hydrophobic group via an ester bond leads to the for mation of chitosan derivatives with hydrophobic groups splitting under the action of enzymes [65] . Note that the alkylation or acylation under homoge neous conditions yields, as a rule, chitosan derivatives with the statistical distribution of modified units along chain. N Acylated chitosan. N Acylated derivatives of chitosan are prepared through the interaction of amino groups of chitosan with anhydrides, acid chlo rides, and lactones as well as via the addition of carboxylic acids with the use of carbodiimide [65, [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] Thus, stearoyl , palmitoyl , and octanoyl chito sans [80] were synthesized via reactions with anhy drides; reactions of acid chlorides yielded oleoyl chi tosan [84] and caproyl , octanoyl , myristoyl , and palmitoyl chitosans [85] ; and reactions with carboxy lic acids in the presence of carbodiimide produced stearoyl chitosan [86, 87] , linoleoyl chitosan [88, 89] , steroid chitosans [90] [91] [92] [93] , and some other chitosan derivatives.
O Acylated chitosan. Because hydroxyl groups are less reactive than amino groups, amino groups should be blocked prior to O acylation, for example, via reac tions with acid chlorides in methanesulfonic acid [95, 96] , which protonates amino groups; as a conse quence, they become inactive in the nucleophilic sub stitution reaction. The use of this approach made it possible to synthesize O,O dipalmitoyl chitosan [96] . It should be emphasized that the preparation of O substituted derivatives of chitosan is of special interest if it is necessary to keep the amino group, for example, in order to provide a positive charge on chains in an acidic solution.
N,O Acylated chitosan with a controlled structure.
To prepare these polymers, O acyl chitosans are first synthesized under the conditions of blocking of amino groups; then, protection is removed and N acylation is performed.
Specifically, O octanoyl N cinnamate chitosan was prepared in such a manner [97] .
Along with small hydrophobic groups, long poly mer chains may be added to chitosan macromolecules. The synthesis of these compounds was described in reviews [21, 65] .
Thus, various methods of preparing hydrophobic derivatives of chitosan that allow the targeted incorpo ration of hydrophobic substituents into polymer chains without any change in the structure of their backbones have been developed.
BEHAVIOR OF CHITOSAN IN DILUTE AQUEOUS SOLUTIONS
Physical Causes of Chitosan Aggregation Chitosan is soluble in water only if the majority of its amino groups are charged, as is the case for acidic solutions at pH < 6 [1, 94] . Water is a thermodynami cally poor solvent for uncharged chitosan units. This circumstance is explained by the strong attraction between them due to hydrogen bonds and hydropho bic interactions. In this case, a key role is played by the rigidity of chitosan chains [1] , which favors mutual orientation of macromolecules. Only the introduction of a large amount of charges on polymer chains makes it possible to overcome the intermolecular attraction. However, even in the case of fully charged polymer chains, chitosan does not always form true solutions of individual macromolecules [31] [32] [33] [34] [35] ; frequently, aggregates occur in solution along with individual macromolecules . In the latter case, attraction between chitosan units is so strong that it may over come both the energy of Coulombic repulsion of chains and the entropy losses of counterions that are localized within the aggregate and partially compen sate its charge. Hence, chitosan behaves as an associ ating polyelectrolyte [98, 99] : It spontaneously forms aggregates of macromolecules in order to achieve a gain in the energy of association. The dimensions of aggregates are determined by competition between the attraction of associating groups, inducing aggregation and the repulsion due to the presence of charged units and counterions hampering aggregation [98, 100, 101] . As a result of the competition between these two counteractive factors, aggregates of optimum dimen sions are formed [102] .
The aggregation of chitosan may be governed through variation in the ratio between attraction and repulsion in the system. Specifically, N acetyl D glu cosamine units capable of interaction with each other make a pronounced contribution to attraction [49] . Repulsion, in turn, depends on the solution pH, which defines the content of charged units in chains. In addi tion, it may be expected that a low molecular mass salt may exert a marked effect. Salt, on the one hand, weakens electrostatic repulsion and decreases losses in the translational entropy of counterions and, on the other hand, enhances attraction induced by hydro phobic interactions. The influence of the main factors on the aggregation of chitosan will be described below.
Effect of the Content of N Acetyl D glucosamine Units
N Acetyl D glucosamine units that survive incom plete modification of chitin play an important role in the behavior of chitosan in aqueous solutions. In this case, the character of the distribution of these units along the chain is of particular importance: microb lock or statistical [82] . Microblock samples are much more prone to aggregation than statistical samples. This tendency is associated with the strong coopera tive interaction between long sequences of acetyl units. The strength of this interaction is evidenced by the fact that chitin, which is largely composed of these units solely, is insoluble in the majority of known solvents [1] but prefers to retain its partially crystalline struc ture stabilized by numerous hydrogen bonds. It is pro posed that, in aqueous solutions of chitosan, the asso ciation of acetyl units involves not only hydrogen bonds [82] but also hydrophobic interactions [49, 51] because these units are less polar than D glucosamine units.
A substantial role of interaction between N acetyl D glucosamine units in the aggregation of chitosan macromolecules in aqueous solution was mentioned by many researchers, especially if these units had a microblock distribution along the chain [52, 82, 103] . As for chitosan with the random distribution of acetyl units, the data available on the effect of the amount of these units, that is, the degree of acetylation, on aggre gation in an aqueous solution are contradictory. Thus, Anthonsen et al. [43, 48] showed that aggregation is more pronounced in the case of chitosan samples with high DA values (52% [43] or 60% [48] ). In accordance with Anthonsen et al., this phenomenon is associated with the enhancement of hydrophobic interactions between polymer chains. Similar data were reported by Domard et al. [39, 49] , who showed that the higher the DA of chitosan, the greater the values of M w and the dimensions of aggregates (Fig. 1) and the lower the second virial coefficient А 2 . Chitosan with a low DA (1.5%) did not aggregate in solution. In this case, the size distribution of particles exhibited only a single peak corresponding to individual macromolecules (Fig. 1) . The absence of aggregation for almost fully deacetylated samples was described also in [33, 104] .
Thus, it was shown [39, 43, 48, 49, 104] that the aggregation ability of chitosan becomes more pro nounced with an increase in the DA.
In another series of studies [50, 53, 54] , the reverse effect was observed, namely, well defined aggregation for chitosan free of acetyl groups and the lowest ten ) with DA = (1) 1.5, (2) 37, and (3) 69 mol %. The left peak corresponds to individual macromolecules, the medium peak corresponds to aggre gates, and the right peak corresponds to clusters composed of aggregates. Solvent, 0.2 M CH 3 COOH/0.15 M CH 3 COONH 4 [39] .
No. 7 2012 dency toward aggregation for chitosan samples with DA values on the order of 50%. Moreover, in some cases, chitosan samples with DA values of nearly 50% acquire solubility not only in acidic solutions but also in water [1, 50, 82] . Figure 2 displays the particle size distributions obtained for chitosan samples (М = 1.1 × 10 5 ) with DA = 0 and 56% via dynamic light scattering. In both cases, aggregates and individual macromolecules occur in solution, but the fraction of intensity related to the contribution of individual macromolecules in the fully deacetylated sample is much lower. This behavior is explained by a gain in the degree of crystal linity of chitosan with a decrease in the DA [71, 105] . In fact, in accordance with the WAXS data, chitosan samples free of acetyl groups feature a high degree of crystallinity [106, 107] . This finding is explained by a more regular structure of these samples (all units are the same) and by the absence of bulky side substituents hampering dense packing of macromolecules. Sam ples with high DA values on the order of 50% have a lower degree of crystallinity [71, 105] because inter molecular interactions are weakened by steric hin drances related to the presence of bulky acetate groups.
It is important that the mode of the effect of the DA on aggregation is independent of the method of sam ple preparation: deacetylation of chitin or reacetyla tion of fully deacetylated chitosan. Thus, as was shown by Anthonsen et al. [43, 48] for samples obtained by deacetylation, aggregation becomes more intense with the increasing degree of acetylation [43, 48] ; the same effect was observed by Domard et al. for reacetylated samples [39, 49] . The second kind of behavior (a more distinct aggregation with a decrease in DA) was like wise described for both deacetylated [54] and reacety lated [50, 53] samples.
The fact that aggregation was observed even for chi tosan samples free of N acetyl D glucosamine units unambiguously suggests that the above groups are not the only cause of aggregation and that intermolecular interaction occurs not only between acetyl groups but also between D glucosamine units. This tendency is anticipated because D glucosamine units likewise contain both donors and acceptors of hydrogen and, accordingly, may form hydrogen bonds between each other. Moreover, fluorescence spectroscopy data obtained with the use of pyrene as a probe indicate [54] that pyrene occurs in a strongly hydrophobic environment even in a solution of fully deacetylated chitosan. It appears that pyrene perceives chain frag ments involved in the formation of the sequence of hydrogen bonds as hydrophobic domains [108] . In fact, every chitosan unit contains both hydrophilic and hydrophobic groups, but only hydrophilic groups are involved in the formation of hydrogen bonds [109] . As a result, interacting hydrophilic groups prove to be hidden from the solvent; this situation efficiently increases the hydrophobicity of the polymer [110] . It is interesting that the polarity parameter of pyrene in chitosan solutions drops to values [45, 46, 54] lower than those for pyrene solubilized in micelles in com mon low molecular mass surfactants [111, 112] . The cause of this behavior of pyrene will be the subject of forthcoming investigations. Note that the presence of hydrophobic surfaces enriched in CH groups in chito san was verified by means of molecular simulation [113] .
Thus, in some studies in which the aggregation of chitosan is observed, intermolecular association is attributed to hydrogen bonds and hydrophobic inter actions between acetyl groups; as a result, aggregation becomes more distinct with an increase in DA [36-39, 43, 44, 48, 49] . In other studies, in contrast, the aggre gation of chitosan is suppressed after incorporation of acetyl groups in polymer chains [50, 53, 71, 105] . This result may be explained by a decrease in the crystallin ity of chitosan due to steric hindrances arising from an increase in the amount of bulky substituents. It is probable that both these factors may be responsible for the aggregation of chitosan, and the predominance of a factor depends on the microstructure of a given sam ple, in particular, on the regularity of its structure, which influences the crystallization ability. It appears that different stereoregularities may be responsible for the finding that even samples free of acetyl groups aggregate in some cases [54] but not in others [33, 104] .
Effect of pH
The aggregation of chitosan is strongly affected by the solution pH, which defines degree of charging of polymer chains.
Aggregation at the critical pH. The overwhelming majority of chitosan samples aggregate at a pH above a certain critical value [49] . In this case, sharp increases in hydrodynamic radius R h , gyration radius R g , and apparent molecular mass M w are observed along with an accompanying decline in second virial coefficient A 2 ( Fig. 3 ) [49] . Aggregation occurs because, on the one hand, the amount of charged units hindering the aggregation of macromolecules decreases, and, on the other hand, neutralized NH 2 groups that can form additional hydrogen bonds stabilizing the aggregated state appear. In fact, this aggregation precedes precip itation of the polymer. In these cases, aggregation is fully reversible [49] . If the pH is decreased, the aggre gates of chitosan are destroyed, despite the presence of hysteresis, which is explained [49] by the formation of strong hydrogen bonds incapable of rapid rupture with a change in pH.
It is noteworthy that, frequently, at the critical pH, the amount of charged units in macromolecules is very high (on the order of 50%) [40] ; that is, only a very high content of charged groups may prevent aggrega tion.
The value of the critical pH depends on many fac tors, specifically, on the DA and the length of chitosan chains. The shorter the chains, the higher the critical pH [40] . It turns out that, in some cases, chitosan oli gomers do not form aggregates even at neutral pH [94, 114] , when amino groups are practically uncharged. This behavior is explained by a gain in the translational entropy of oligomers chains.
Aggregation in an acidic solution. The aggregation in an aqueous solution at pH > 6 preceding macro scopic phase separation is observed for the overwhelm ing majority of chitosan samples. At the same time, in some cases , aggregates are conserved in an acidic solution, when polymer chains are fully charged. It appears that, in these samples, the attrac tion between associating groups is so strong that it can overcome both the electrostatic repulsion of likely charged chains and the loss in the entropy of counteri ons that are forcedly located within the aggregate. Pre cisely this situation is at the focus of main attention of this review, unless otherwise indicated that the matter in point is aggregation near the critical pH.
As was shown in [40] , in an acidic solution far from the critical pH value, the hydrodynamic radius of the chitosan aggregates (М = (2-22) × 10 4 ), DA = 2-5 mol %) remains invariable in the wide pH range 2.5-6.2, although the content of charged units increases from 50 to 100%. This result may be explained by the condensation of a part of the counte rions located near strongly charged chains; as a result, , DA = 1 mol %) in the presence of 0.1 mol/L NaCl [49] .
the effective charge of macromolecules changes slightly. It is of interest that, in some cases [42, 49] , the aggregation of chitosan follows the "closed" pattern; that is, the radii of gyration of aggregates remain unchanged with polymer concentration, while in other cases [49] , a concentration dependence of the radius of gyration appears: Aggregates grow with the chitosan concentration. This behavior corresponds to the "open" type of association. Closed association is usually observed [42] at low pH values, when chitosan macromolecules are fully protonated and the salt con centration is insufficient for full shielding of charged groups. In this case, the aggregates cannot grow, oth erwise their charge will exceed a critical value; as a result, the aggregates will be destroyed because of enhanced repulsion. This result follows from the elec trostatic nature of stabilization of aggregates and is related to the classical Rayleigh problem on a charged droplet: A spherical droplet whose charge is above a certain critical value decomposes into several smaller droplets with a charge smaller than the critical value [115] . Open association is frequently observed at a rel atively low level of the charged state of a polymer, at high pH values (e.g., near the critical pH), or at high DA values [43, 44, 48] . Under these conditions in the presence of salt, the attraction of associating groups of chitosan can overcome electrostatic repulsion and can cause the growth of aggregates.
Thus, with an increase in pH, the tendency of chi tosan toward aggregation becomes more pronounced. This effect is associated with the weakening of electro static repulsion related to a decrease in degree of charging of chains and formation of additional hydro gen bonds involving neutralized NH 2 groups.
Effect of Salt
In an acidic solution, chitosan behaves as a poly electrolyte; therefore, the addition of salt should strongly affect its properties. From the physical view point, the addition of a low molecular mass salt to a polyelectrolyte solution leads to the appearance of additional (with respect to counterions) small ions featuring a high entropy of translational motion [98] . Because, in dilute solutions, aggregates occupy a small part of the volume and retain a part of their counteri ons inside them, the additional marked penetration of salt ions inside them is unfavorable: They should strongly decrease their entropy, and the gain in energy proves to be insignificant. Thus, once the Donann equilibrium is established, the majority of salt ions are concentrated in a solvent; therefore, its osmotic pres sure increases and, as a consequence, the compression of aggregates occurs. Moreover, the presence of a large amount of salt ions of the same sign as counterions in solution should lead to the additional aggregation of macromolecules because the salt shields electrostatic repulsion between likely charged polymer chains and decreases the loss in the entropy of counterions con fined inside the aggregates.
The effect of a low molecular mass salt on the aggregation of chitosan has been studied insufficiently [45, 46] ; however, the available data unambiguously indicate that, in fact, the salt promotes aggregation. Thus, fluorescence spectroscopy studies with the use of pyrene as a probe showed that, in the presence of the salt, the aggregation of chitosan (М = 1.9 × 10 5 , DA = 12 mol %) begins at lower polymer concentrations [45] . Furthermore, after addition of salt to the solution of chitosan (М = (0.7-7.5) × 10 5 , DA = 30 mol %), the microenvironment of pyrene molecules becomes less polar [46] . In accordance with Amiji [46] , this can be explained by the fact that the salt enhances the hydrophobic association between macromolecules.
However, the literature data on the effect of salt on the dimensions of aggregates are frequently contradic tory. In [55] , an increase in the concentration of the salt led to the enlargement of aggregates; this effect was attributed to an increase in the content of macro molecules in aggregates (although the aggregation numbers were not measured directly). In other cases [39, 55] , the salt has almost no effect on the dimen sions of aggregates but causes an increase in their amount. The second kind of behavior was observed for samples with high DA values [55] . Unfortunately, the available experimental data are insufficient for the analysis of different aggregation behaviors of chitosan in the presence of salt.
Note that not only the concentration but also the type of salt affects the aggregation behavior of chitosan in aqueous solutions. For example, it was shown that the use of ammonium acetate instead of traditional sodium acetate decreases the tendency of chitosan to aggregate [116] . This effect is explained by the fact that ammonium salt suppresses the formation of hydrogen bonds between chitosan macromolecules [116] .
As was found in [41] , the fraction of aggregated chitosan macromolecules in a NaCl solution is much higher than that in a solution of sodium acetate, in good agreement with the results from [117, 118] . The above mentioned experimental observations may be related to a higher tendency of chitosan chloride toward crystallization. In fact, an analysis of concen tration dependences obtained for the enthalpies of dilution of aqueous solutions of chitosan salts shows [119] (Fig. 4) that, during dissolution, chitosan chlo ride behaves as a polymer containing a marked frac tion of crystalline regions. In contrast to chitosan chloride, chitosan acetate does not manifest the signs of crystallinity, as evidenced by thermochemical mea surements. Possibly, crystallization in this case is ham pered by a large volume of acetate ions.
Thus, the addition of the low molecular mass salt facilitates the aggregation of chitosan and causes an increase in either the dimensions or amount of aggre gates. In this case, not only the concentration but also the type of salt plays an important role.
Effect of the Length of the Main Chain of Chitosan
The effect of the length of chitosan macromole cules on their aggregation in an aqueous solution was studied by light scattering [42] . It was demonstrated that the radii of aggregates are independent of the chain length of their constituent macromolecules. This result is consistent with the theory of dilute solu tions of associating polyelectrolytes [101] . In accor dance with this theory, the radii of aggregates are determined only by the content of associating groups, the content of charged groups, and the fraction of counterions that have escaped the aggregate. At the same time, this parameter is independent of the length of an individual macromolecule [101] . The fact that the dimensions of aggregates are unaffected by the length of constituent macromolecules implies that, within an aggregate, each polymer chain has more than two points of binding with other chains; as a result, the memory of the length of initial macromole cules is lost.
Although the radii of aggregates remain invariable, the number of macromolecules in the aggregate decreases with the lengthening of chitosan chains (table) [42] . This phenomenon may be explained as follows. The energy of association of one aggregate is determined by the amount of attracting groups. The content of such groups in short polymers is smaller; therefore, a larger amount of these macromolecules is needed to make the necessary contribution to the energy of association. In fact, the calculated amount of monomer units in one aggregate, n agg , which is pro portional to the amount of associating groups, is con stant and independent of the length of macromole cules involved in aggregation (table) [42] . This result is consistent with the prediction of the theory of dilute solutions of associating polyelectrolytes [101] . Hence, chitosan behaves in solution as a typical associating polyelectrolyte.
It was found [44, 50] that higher molecular mass chitosan samples feature a higher tendency toward aggregation. This is apparently associated with the fact that, for long chains, the losses of entropy during aggregation are lower. Such behavior is typical for cases when the contribution of electrostatic interac tions is insignificant. Specifically, this effect was observed in [44] for chitosan samples with high DA values (and accordingly, with low contents of charged units) in the presence of 0.15 mol/L salt, a concentra tion that is sufficient for the shielding of charges on chains and for making losses in the translational entropy of counterions insignificant. In [50] , studies were performed with the uncharged chitosan with a DA of 50% dissolved in water.
Thus, if the shielding of charges in the system is incomplete, the length of macromolecules has no , DA = 69 mol %) aggregates measured in a humid environment [39] .
No. 7 2012 effect on the dimensions of aggregates or on the con tent of associating and charged groups in them. How ever, if electrostatic factors are suppressed, an increase in the length of the chitosan chain facilitates aggrega tion.
Shape and Structure of Aggregates
In some papers, chitosan aggregates were visual ized [39, 40, 42, 43, 49, 54] . The most reliable images were obtained by scanning electron microscopy (SEM) in a humid environment [39] . This method makes it possible to observe aggregates in the undis turbed state directly in the solvent medium. It was shown that the aggregates are spherical in shape and have a core shell structure [39] (Fig. 5) . It is important that the dimensions of aggregates, as measured by SEM, are close to the dimensions of aggregates esti mated by light scattering [39] . This result implies that aggregates, when they occur in the thin layer of the solvent during SEM measurements in a wet environ ment are in the same state as in the solution. As evi denced by transmission electron microscopy (TEM) studies, the aggregates are likewise spherical in shape, but their dimensions are smaller because dried sam ples are used [39, 40, 42] . It is interesting that the spherical aggregates were observed even for chitosan oligomers with chain lengths close to persistent [40] .
As follows from the light scattering data [42] , the aggregates feature the core-shell bilayer structure. This follows from the low value of ratio R g /R h , which lies in the range 0.64-0.67; these estimates are smaller than the corresponding value for the "hard sphere" (0.778) [120] . Such a low value of R g /R h is possible if the aggregates are microgels with a denser core and a looser shell [120] and, hence, a higher hydrodynamic radius than that for the "hard sphere" with a well defined surface. The volume fraction of the polymer in these aggregates is small (10 -3 ) [42] ; this result indi cates that the microgels occur in a strongly swollen state.
It was shown that primary spherical aggregates may unite and form clusters with dimensions of several microns (Fig. 1) [39, 40] . A similar behavior may be observed either near the critical pH [39, 40] or in an acidic solution for samples with high DA values [39] . As was mentioned in [39] , similar clusters may serve as precursors of gels formed during macrophase separa tion above the critical pH value.
In addition to the spherical aggregates of chitosan, the TEM method made it possible to observe strand like aggregates [43] ; in these experiments, high molecular mass samples with a contour length much higher than the persistent length were used. It is not inconceivable that, in [43] , the initial shape of aggre gates was somewhat distorted because of strong adhe sion of chitosan macromolecules to the oppositely charged mica substrate.
Thus, in the overwhelming majority of studies, chi tosan aggregates formed in dilute solutions are spheri cal. In only one case were strandlike aggregates detected.
Nature of Aggregates
Although aggregates in dilute aqueous solutions of chitosan were found already two decades ago, there is no clear idea about the causes of their formation and structure. Frequently, it seems that chitosan samples identical in formal characteristics (molecular mass and the amount and distribution of acetyl units along chain) feature strongly different aggregation abilities.
It may be proposed that this phenomenon is associ ated with the presence of admixtures (e.g., protein or calcium salts) that have survived insufficient purifica tion of the initial raw material (chitin). However, it was shown [43] that the careful removal of trace amounts of protein or multivalent cations has no effect on the aggregation of chitosan.
It is possible that the aggregates appear owing to the incomplete dissolution of the chitosan powder. In fact, similar aggregates were observed in several publica tions [39, 43] . Their distinguishing feature is that they are insensitive to the total concentration of the poly mer and may be isolated from the solution via some method (filtration, centrifugation, etc.). New aggre gates do not emerge in the remaining solution [43] .
However, in most cases, the formed aggregates occur in solution in dynamic equilibrium with individ ual macromolecules. For example, in [39, 42, 104] , chitosan solutions were filtered through filters with pore sizes much smaller than the dimensions of aggre gates. If the aggregates are incompletely dissolved crystallites, they should remain on a filter. However, the experiments showed that losses of the polymer on the filter are practically absent. Note that the dynamic light scattering observations [42] suggest that the aggregates are destroyed during filtration and then are gradually recovered. Thus, the presence of aggregates in the aqueous solution of chitosan cannot be explained by the incomplete dissolution of the dry polymer. In many cases, the aggregates spontaneously form in solution and occur in thermodynamic equilib rium with the nonaggregated macromolecules.
At present, most researchers agree that the aggre gation of chitosan is related to hydrogen bonds and hydrophobic interactions. However, how can the fact that, in some cases [45, 54] , the aggregates are pre served in the presence of 7 mol/L urea, which is known by its ability to weaken hydrophobic interac tions and to destroy hydrogen bonds even if they are formed between long sequences of units of two com plementary macromolecules [121] ? It was assumed [54] that this behavior may be observed only if hydro gen bonds are "hidden" within crystallites. The for mation of crystallites during the aggregation of chito san has been mentioned in several papers [53, 54, 56] .
It is proposed that, depending on the raw material source (chitin), the methods of its purification and chemical modification, and the conditions of isolation and drying of chitosan, chitosan samples with differ ent stereoregularities may be obtained. It is natural to expect that an increased tendency to aggregate will be exhibited by more stereoregular samples because of an additional gain in the energy of association related to a more complete involvement of functional groups in the formation of intermolecular hydrogen bonds and their stabilization due to the formation of crystallites.
Thus, some samples of the protonated chitosan manifest properties typical for associating polyelectro lytes: In dilute solutions, they spontaneously form finite size aggregates. However, the available data are insufficient to clearly understand the mechanisms of aggregation and its means of control.
BEHAVIOR OF HYDROPHOBICALLY MODIFIED CHITOSAN IN DILUTE AQUEOUS
SOLUTIONS The aggregation in aqueous solutions was studied for hydrophobically modified chitosan samples con taining various N alkyl [33, 42, 45, 47, 122, 123] or N acyl [32, 80, [124] [125] [126] [127] [128] [129] hydrophobic substituents. Along with the simplest substituents (saturated and unsaturated linear hydrocarbons), biologically active substituents with a complex structure, such as steroids and bile acids, were used. Polymer chains begin to aggregate with each other when their concentration in solution is above the crit ical aggregation concentration (CAC). The magnitude of this concentration, c CAC , is controlled by the free energy of aggregation, ΔG agg [135, 136] :
Effect of the Content of Hydrophobic Groups
where R is the gas constant and Т is temperature. On the basis of fluorescence spectroscopy data obtained with the use of pyrene as a probe, the values of the CAC for various hydrophobically modified chi tosan samples were determined. It was shown that these values are significantly lower than those for cor responding low molecular mass surfactants [32, 89, 131, 133] . For example, the CAC of hydrophobically modified chitosan (М = 7 × 10 4 , DA = 20 mol %) con taining 5.1 mol % units modified with deoxycholic acid is 1.32 × 10 -2 g/L; this value is two orders of mag nitude smaller than the CMC of deoxycholic acid in water (1.0 g/L) [133] . This circumstance may be explained by the fact that, during the aggregation of hydrophobically modified chitosan, no marked entropy losses are observed, because the associating groups are attached to the polymer chain and do not possess freedom of translational motion. Furthermore, the CAC values for the hydrophobi cally modified chitosan samples are much smaller than that for nonmodified chitosan [45] . In the case of charged amphiphilic molecules, the value of the CAC is controlled by the balance between the gain in the energy of interaction due to aggregation of hydropho bic groups, on the one hand, and losses in the electro static energy and translational entropy of counterions during aggregation, on the other hand. Hydrophobic substituents incorporated into chitosan make the gain in energy of interaction more substantial and hence decrease the CAC.
As expected, the CAC decreases as the content of hydrophobic groups in the hydrophobically modified chitosan is increased [32, 80, 114, 125, 128, 131, 133, 134, 135] . Evidently, this effect may be likewise associ ated with an increase in the gain in the energy of inter action. The values of the CAC for the hydrophobically modified chitosan are usually 10
-2 g/L [32, 80, 89, 125, 128, 133] . From the practical viewpoint, such low values of the CAC are extremely important because they imply that the aggregates are stable in a wide range of polymer concentrations, including strongly dilute solutions. Higher CAC values were obtained for either very short chains of hydrophobi cally modified chitosan (oligomers) [114] or strongly charged chains with additionally introduced ionic groups [130, 135] . In these cases, the values of the CAC increase owing to marked losses in the entropy of oligomer molecules or in the entropy of counterions, respectively.
In [131, 133] , the constants of the pyrene distribu tion between the aggregates and the aqueous phase were measured; it was found that they tend to increase as the content of hydrophobic units in the hydropho bically modified chitosan grows, thereby demonstrat ing an increase in the total volume of hydrophobic domains capable of pyrene solubilization. Experi ments on quenching of pyrene fluorescence made it possible to estimate the mean amount of hydrophobic groups forming one domain [131, 133] . For the chito san (М = 7 × 10 5 , DA = 20 mol %) hydrophobically modified with deoxycholic acid, this value was 3.5, regardless of the content of hydrophobic substituents [133] . Thus, in the case of this polymer, as the content of hydrophobic units is increased, the amount of hydrophobic domains tends to increase, whereas the dimensions of each domain remain invariable. Differ ent data were obtained by the same authors for chito san (М = 2.5 × 10
5
, DA = 12 mol %) modified with β cholanic acid [131] . In this case, the amount of hydrophobic groups forming one domain increases with the grafting density of side hydrophobic groups in the polymer apparently owing to a decline in steric hindrances created by the polymer chain.
During examination of the effect of the content of hydrophobic substituents on aggregation, it was of interest to compare the behavior of chitosan contain ing these substituents with the behavior of the non modified chitosan free of hydrophobic substituents. As far as we know, this comparison was made only in [42, 132] . It was found [42, 132] that the incorporation of 4 mol % n dodecyl groups into chitosan chains (М = (5.5-12.5) × 10 4 , DA = 5 mol %) entails sub stantial increases in the radii of aggregates (Fig. 6) , their weight fraction, and the aggregation number. These results indicate that the enhancement of attrac tion between macromolecules causes the enlargement of aggregates that is related to involvement of addi tional polymer chains in them.
In the case of the hydrophobically modified chito san prepared from the "nonaggregating" chitosan, the regularities controlling the effect of the content of hydrophobic groups on the dimensions of aggregates were found to be as follows. If the amount of associat ing groups on one chain is insufficient for formation of a strong "micelle" based on one macromolecule, intermolecular aggregation occurs. In this case, the radii of aggregates usually decrease with an increase in the content of hydrophobic groups in a chain [32, 80, 125, 128, 131] . This effect is the most pronounced at a very low content of hydrophobes; further contraction is insignificant. For example, it was demonstrated [125] that the hydrodynamic diameter of aggregates of the hydrophobically modified chitosan (М = 1.9 × 10 5 , DA = 5-10 mol %) carrying palmitoyl substituents decreases from 608 to 158 nm as the content of substit uents increases from 1.2 to 5.6 mol %; a further increase in the amount of associating substituents to 14.2 mol % entails only a slight change in diameter to 140 nm. This effect may be explained by the densifica tion of aggregates associated with formation of addi tional bonds between associating groups. A similar behavior was observed for hydrophobically modified chitosan samples containing deoxycholic acid groups (М = 7 × 10 4 , DA = 20 mol %) [32] ; however, in these cases, the dimensions of aggregates cease to change once the content of associating groups reaches above a certain value.
The effect of the amount of hydrophobic substitu ents on the aggregation of the hydrophobically modi fied chitosan containing stearyl groups was investi gated in a wider concentration range. It was shown that the radii of aggregates decrease from 211 to 40 nm as the content of hydrophobic substituents increases from 0.9 to 35 mol % [80, 127] ; in this case, the aggre gation remains intermolecular because the CAC val ues can be determined [127] .
Quite a different effect of the content of hydropho bic groups on the radii of aggregates was described in [130] : In this case, the diameter of intermolecular aggregates of n octyl N trimethylchitosan (М = 2.5 × 10 4 , DA = 3 mol %) increased with an increase in the grafting density of side hydrophobic substituents in the polymer. Note that the content of n octyl substituents was varied in a wider range (8-58 mol %) that that in the above mentioned studies. Accordingly, degree of charging likewise decreased strongly; this effect could additionally facilitate the enlargement of aggregates. Certainly, for a more correct interpretation of the observed changes in the dimensions of aggregates, knowledge of the molecular masses of aggregates or their aggregation numbers is required.
If the amount of associating groups on one chain is sufficient for formation of a stable "micelle" based on one macromolecule, intramolecular aggregation occurs. It is proposed that, in the case of longer chains of hydrophobically modified chitosan, intramolecular aggregation may be expected at a lower content of hydrophobic groups. The aggregation of N acetyl chi tosan (М = 2.1 × 10 5 , DA = 8 mol %) containing 10-50 mol % acetyl groups was studied in [124] . In accor dance with Hu et al. [124] , intramolecular association predominates in the dilute regime. Under these condi tions, the radii of gyration of macromolecules decrease insignificantly (from 33.8 to 28.9 nm) as the content of acetyl groups is increased from 10 to 40 mol % and, then, increase to 41.5 nm when the content of substituents attains 50 mol %. In the authors' [124] opinion, this observation may be ratio nalized by a sharply increased rigidity of a macromol ecule.
Thus, in most cases, during both intermolecular aggregation and intramolecular aggregation, an increase in the content of hydrophobic substituents results in the compression and densification of aggre gates due to the enhanced attraction between associat ing groups.
Effect of the Sizes of Hydrophobic Groups
The energy of association of hydrophobically mod ified chitosan macromolecules may be varied through a change not only in the content of hydrophobic sub stituents but also in their length. Note that, in the lat ter case, no simultaneous reduction in the amount of hydrophilic charged units in polymer chains occurs; therefore, the experimental data are more reliable. The aggregation of N alkylated chitosan derivatives (М = 2.5 × 10 5 , DA = 5 mol %) containing 10 mol % hydrophobic substituents with lengths varying from С 5 H 11 to C 12 H 25 was investigated in [75] . It was shown that the hydrophobically modified chitosan with the shortest substituent, С 5 H 11 , shows an even less pro nounced tendency to aggregate in an aqueous solution than the initial nonmodified chitosan. Specifically, this phenomenon manifests itself as a higher value of the CAC of this polymer [75] (Fig. 7) . This circum stance is explained by the fact that the hydrophobic properties of pentyl groups are insufficient to induce the aggregation of hydrophobically modified chitosan macromolecules. Moreover, these groups create steric hindrances to the formation of aggregates typical for the nonmodified chitosan and make chains more rigid; as a consequence, the CAC increases. As was shown in [75] , the hydrophobically modified chitosan begins to feature a more pronounced tendency to aggregate than the initial chitosan if the amount of carbon atoms in the hydrophobic substituent is above six (Fig. 7) . A similar conclusion was reported in [73] .
However, the authors of [73, 80] suggested that the total hydrophobicity of the polymer, which includes not only the length but also the amount of hydropho bic substituents, should be considered.
It was demonstrated that the value of the CAC for the hydrophobically modified chitosan decreases with the length of alkyl substituents [74, 75, 80] . As was mentioned above, the magnitude of the CAC is con trolled by the balance between the gain in the energy of interaction of associating groups and losses in the Coulomb energy and entropy that accompany aggre gation. In the case of longer associating groups, the gain in the energy of interaction is higher and, accord ingly, the magnitude of the CAC is smaller.
As regards the dimensions of aggregates, the pub lished data on the effect of the length of the hydropho bic substituent on this parameter are very contradic tory. Let us above all consider intermolecular aggrega tion. In this case, the dimensions of aggregates often increase with the lengthening of hydrophobic groups. For example, the diameter of aggregates of N alky lated chitosan (М = 5 × 10 4 , DA = 1 mol %) contain ing 7 mol % hydrophobic units increased from 262 to 346 nm on passage from n butyl С 4 H 9 to n dodecyl С 12 H 25 substituents [34] . The enlargement of aggre gates was explained in [34] under the assumption that longer hydrophobic groups form larger hydrophobic cores and, hence, larger aggregates. If the difference in the lengths of associating groups (С 15 H 31 and С 17 H 35 ) is insignificant, the dimensions of aggregates remain unchanged [80] .
In [130] , the diameter of intermolecular aggregates of N alkyl N trimethylchitosan and N alkyl N dim ethylchitosan (М = 2.5 × 10 4 , DA = 3 mol %) contain ing 8 mol % hydrophobic groups passed through a , DA = 5 mol %) and (2-6) con centrations of hydrophobically modified chitosan containing (2) 5, (3) 6, (4) 8, (5) 10, and (6) 12 carbon atoms in the n alkyl tail [75] .
No. 7 2012 CHITOSAN AND ITS HYDROPHOBIC DERIVATIVES: PREPARATION 565 maximum as the length of n alkyl radicals increased in the following sequence: n octyl C 8 H 17 ⎯n decyl C 10 H 21 ⎯n dodecyl C 12 H 25 . As supposed in [130] , this effect is associated with the complexity of the micelli zation mechanism. This tendency was preserved at different amounts of charged groups in the polymer (27 and 74 mol %).
No less diverse data were obtained when intramo lecular aggregation predominated. It was shown [75] that the intrinsic viscosity (and hence the dimensions of aggregates) of the hydrophobically modified chito san (М = 2.5 × 10 5 , DA = 5 mol %) containing 10 mol % hydrophobic substituents declines with an increase in the length of the alkyl tail owing to enhancement of hydrophobic interactions. At the same time, the study of N acetyl (C2), N propionyl (C3), and N hexanoyl (C6) chitosans (М = 2.1 × 10 5 , DA = 8 mol %) con taining 50 mol % hydrophobic substituents revealed that, as the length of the substituent increases, the radius of gyration passes through a minimum: 41.5 nm (C2) → 34.9 nm (C3) → 46.9 nm (C6) [124] . In accordance with [124] , this observation may be explained by the fact the sample with C3 groups has the most defined tendency toward intramolecular aggregation. At a greater length of hydrophobic groups, the tendency toward intermolecular aggrega tion becomes more pronounced because of spatial hindrances created by bulky hydrocarbon tails and the increased rigidity of the macromolecule.
Thus, an increase in the dimensions of hydropho bic substituents facilitates the aggregation of hydro phobically modified chitosan and, specifically, causes a decline in its CAC. At the same time, the regularities governing the effect of the length of associating groups on the dimensions of aggregates calls for further stud ies.
Effect of pH
The hydrophobically modified chitosan is an asso ciating polyelectrolyte, and its aggregation behavior depends on two counteracting effects: (i) the attrac tion of associating groups inducing aggregation and (ii) repulsion related to the presence of charged units and counterions hampering aggregation. As a conse quence, the value of pH determining degree of charg ing of hydrophobically modified chitosan chains should exert a strong effect on its aggregation behavior.
It was shown [32, 80, 114] that the CAC of the hydrophobically modified chitosan decreases with pH. This effect is caused by a reduction in the charges on chains that promotes aggregation owing to decrease in both electrostatic repulsion and losses in the trans lational entropy of counterions.
The solution pH affects not only the magnitude of the CAC but also the dimensions of aggregates. As was reported in [32, 88, 127] , as pH increases, the hydro dynamic diameter of aggregates of hydrophobically modified chitosan decreases (Fig. 8) . This phenome non may be explained by the fact that, with an increase in pH, degree of charging of polymer chains decreases; as a result, the compaction of aggregates occurs owing to the weakening of electrostatic repulsion and the "exerting" osmotic pressure of counterions trapped by the aggregates. Moreover, NH 2 groups resulting from neutralization may form additional hydrogen bonds; this situation contributes also to stabilization of the compact state.
It is important that the aggregation of many sam ples of hydrophobically modified chitosan, as opposed to nonmodified chitosan, which is mostly studied in acidic solutions, was investigated in neutral solutions at pH 7.2-7.4 [31, 32, 80, 88, 89, 127, 130, 131] ; in this case, the macrophase separation was not observed in a wide range of polymer concentrations. This stabil ity of aggregates is presumably related to the formation of the well defined core-shell structure in them, in which the majority of associating groups are concen trated in cores, while the majority of hydrophilic groups form the shell. Note that, because not all units are protonated under the experimental conditions, charged groups may move [137, 138] from the core of the aggregate to the shell and additionally stabilize the system. In such aggregates, stabilization occurs owing to a small amount of charged groups in shells and to steric hindrances created by hydrophilic chain frag ments (loops, free ends, etc.) concentrated on the sur face. As degree of charging of macromolecules is reduced, the contribution of steric stabilization becomes more and more distinct. As was proposed in [125] , one of the causes of the absence of the phase separation of hydrophobically modified chitosan in a neutral solution consists in the suppression of the ten dency of chitosan toward crystallization after the introduction of bulky side substituents. Thus, with an increase in pH, the aggregates of hydrophobically modified chitosan become compact and retain stability even in a neutral solution. This cir cumstance is extremely important for their use in medicine.
Effect of Salt
The addition of a low molecular mass salt, as well as an increase in pH, induces two key effects: a decrease in the CAC [32, 80, 114, 134] and a decrease in the radii of aggregates [32, 88, 134] . Thus, as exem plified by the hydrophobically modified chitosan (М = 7 × 10 4 , DA = 20 mol %) containing 4.2 mol % associ ating groups of deoxycholic acid [32] , as the concen tration of NaCl is increased from 0 to 1 mol/L, the value of the CAC decreases from 6.6 × 10 -2 to 1.9 × 10 ⎯2 g/L owing to reductions in the electrostatic repulsion and in the losses of the translational entropy of counterions during aggregation. As was mentioned in [32] , as the concentration of NaCl is changed from 0 to 0.1 mol/L, the hydrodynamic diameter of aggre gates decreases from 193 to 172 nm [32] . The shrink ing of aggregates is apparently associated with the shielding of electrostatic repulsion between like charged groups and a reduction in the "exerting" osmotic pressure of counterions trapped by the aggre gates. It is assumed that salt additionally can induce a certain enhancement of hydrophobic interactions [73] , which lead to the additional compression of aggregates. However, with a further increase in the salt concentration from 0.1 to 1 mol/L, the diameter of aggregates decreases from only 172 to 168 nm [32] . This result implies, first, that the amount of 0.1 mol/L NaCl was sufficient for suppression of electrostatic factors and, second, that the salt does not induce sig nificant enhancement of hydrophobic interactions in a given system. A similar result was described in [88] .
It may be expected that the salt can lead to the involvement of additional chains in aggregates, that is, cause an increase in the aggregation number, because it weakens the electrostatic repulsion of likely charged macromolecules and the losses of entropy of counteri ons, which increase with the enlargement of aggre gates [101] . To our knowledge, no data are available on the effect of salt on the aggregation numbers of hydro phobically modified chitosans. However, the com pression of aggregates presumably indicates that the aggregation number remains unchanged.
Thus, the addition of the salt induces the same effects an increase in the solution pH induces: a decrease in the CAC and a decrease in the dimensions of aggregates of hydrophobically modified chitosan. In both cases, this phenomenon is associated with weakening of the electrostatic factor, which is related to the presence of charged units and counterions.
Effect of the Length of the Main Chain of Hydrophobically Modified Chitosan
The literature data on the effect of the length of hydrophobically modified chitosan macromolecules on the magnitude of the CAC are scarce and contra dictory. It was shown [31, 141] that an increase in the chain length of hydrophobically modified chitosan entails a decline in the CAC, that is, promotes aggre gation. At the same time, in [128] , the inverse effect was observed: The value of the CAC increased with the molecular mass of the hydrophobically modified chi tosan. This result was attributed to the sufficient rigid ity of hydrophobically modified chitosan macromole cules and to steric hindrances imposed by long chains [128] . It should be emphasized that, in the latter case, the aggregates did not form spontaneously but were prepared through emulsion followed by evaporation of the organic solvent (methylene chloride).
The effect of the main chain length of hydrophobi cally modified chitosan on its aggregation was studied in detail in [31, 42] . It was shown [31] that, with an increase in the molecular mass of hydrophobically modified chitosan (М = (5 × 10 ), DA = 20 mol %) containing 6 mol % deoxycholic acid groups, the constants of the pyrene distribution between the aggregates and the aqueous phase increase, thereby suggesting an increase in the total volume of pyrene solubilizing hydrophobic domains. This result implies that an increase in the length of hydrophobically modified chitosan macromolecules facilitates aggregation. At the same time, with an increase in the length of polymer chains, the aggrega tion number (i.e., the amount of macromolecules in an aggregate) declines [31] . Similar data were obtained for hydrophobically modified chitosan (М = (5.5-12.5) × 10 4 , DA = 5 mol %) containing 4 mol % n dodecyl groups [42] . These results are in good agreement with theoretical predictions [101] , which testify that long chains contain a greater amount of hydrophobic groups: Hence, a smaller amount of these chains is sufficient to ensure the gain in the energy of interaction between macromolecules that is required for aggregation. In the case of very long chains of hydrophobically modified chitosan (М = 1.1 × 10 6 ), intermolecular aggregation is no longer observed [128] .
It was shown [42] that, as in the case of nonmodi fied chitosan, the hydrodynamic radii and the radii of gyration of aggregates of hydrophobically modified chitosan are independent of the chain length of indi vidual macromolecules. This phenomenon may be explained by the electrostatic nature of stabilization of aggregates that cannot have a charge above a certain critical value [101] . At the same time, the hydrody namic diameter of aggregates of the hydrophobically modified chitosan increases from 130 to 300 nm as the molecular mass of the polymer is increased from 5 × 10 3 to 2 × 10 5 [31] . Kim et al. [31] to a change in the shape of aggregates: In their opin ion, short chains form spherical aggregates, while long chains give rise to elongated rigid structures. This assumption is confirmed in [31] by a gain in the anisotropy of the fluorescence probe 1, 6 diphenyl 1,3,5 hexatriene, thereby indicating the restriction of its rotational motion within hydrophobic domains. In our opinion, these data attest only to an increase in the microviscosity within the domain ("crosslinking"): They do not provide information about the shape of aggregates on the whole. Thus, an increase in the length of individual chains of hydrophobically modified chitosan leads to a decrease in the amount of macromolecules in one aggregate; for very long chains, no intermolecular aggregation occurs. However, it is evident that the available data are insufficient to make an unambigu ous inference about the effect of the main chain length of hydrophobically modified chitosan on the value of the CAC and the dimensions of aggregates.
Shape and Structure of Aggregates
The shapes of aggregates of hydrophobically modi fied chitosan formed in dilute aqueous solutions were visualized with the use of TEM. It was found that, as a rule, the aggregates are spherical [42, 80, 89, 125, [128] [129] [130] [131] (Fig. 9) , regardless of the main chain length of the hydrophobically modified chitosan and the amount of hydrophobic substituents. (In TEM exper iments, hydrophobically modified chitosan samples having М = (3.6 × 10 3 )-(1.1 × 10 6 ) and containing associating groups (0.9-74 mol %) were used.) As regards a more detailed structure of aggregates, these results were derived from the analysis of the data of light scattering, small angle neutron scattering, and fluorescence spectroscopy. Several models were advanced to describe the structure of aggregates of hydrophobically modified chitosan depending on the content of associating groups in the polymer and on its main chain length.
Aggregates of Long Chain Hydrophobically Modified
Chitosan Bridged flowerlike micelles. In the case of hydro phobically modified chitosan (М = 1.95 × 10
5
, DA = 12 mol %) with a very small content of associating n alkyl groups (2 mol %), the model of flowerlike micelles linked via long tie chains into a very loose structure was developed [123] .
As assumed in [123] , this model provides an expla nation for the experimentally observed very low value of R g /R h = 0.61, which indicates that the object has a dense core and a loose shell. The authors of [123] sug gest that the dense core is formed by associated hydro phobic groups and that the shell is mostly composed of loops formed by hydrophilic chain segments. The data obtained via small angle neutron scattering that testify that scattering intensity I depends on wave vector q as I ~ q -3 provide evidence for this model [123] . It should be emphasized that a similar model is fea sible only at a very small content of hydrophobic units. In fact, estimates [42] show that, for example, when the content of hydrophobic groups that are statistically distributed along chain is 4 mol %, the mean distance between neighboring hydrophobic units along the chain is 12 nm. With allowance for persistent length l p of chitosan, which is 5 [118] to 22 nm [139] , there is no way to imagine how a significant amount of loops can form from such short chain fragments. Nanogels. It was proposed [129] that the aggregates of hydrophobically modified chitosan (M = 8 × 10 4 , DA = 8 mol %) containing 7 mol % cholesterol sub stituents represent nanogels composed of chitosan chains; at the points of crosslinking of these chains, hydrophobic domains formed by associated hydro phobic groups are located. As opposed to the bound flowerlike micelles, such a nanogel contains a negligi 100 nm , DA = 8 mol %) containing 7 mol % cholesterol side groups [129] .
bly small amount of loops and a significant amount of chains linking hydrophobic domains. As was noted in [129] , a similar polycore model was previously advanced by Akiyoshi [140] to describe the structure of aggregates of hydrophobically modified pullulan (М = (3.5-10.8) × 10 4 ) with cholesterol associating groups (0.9-3.4 mol %). Although in both cases the aggre gates occur in the form of nanogels, they differ appre ciably in the degrees of swelling (and, accordingly, in the degrees of crosslinking by hydrophobic domains): For hydrophobically modified pullulan, these are small (R h = 8-14 nm) dense gels containing up to 50 wt % polymer [140] ; in the case of hydropho bically modified chitosan, these are loose strongly swollen structures with R h = 417 nm [129] . This differ ence is apparently related to the absence of charged units in pullulan and to a much higher flexibility of its chains (l p = 1-2 nm [141] ).
In our opinion, the model of hydrophobically crosslinked chains developed by Morishima [142] for hydrophobically modified sodium poly(2 acryla mido 2 methylpropane sulfonate) containing less than 3 mol % hydrophobic n dodecyl methacrylate units better fits the data obtained for the hydrophobi cally modified chitosan. However, note that, in con trast to the aggregates of hydrophobically modified sodium poly(2 acrylamido 2 methylpropane sul fonate), the nanogels of hydrophobically modified chitosan may possess two types of crosslinks [45] : hydrophobic domains typical for any polyelectrolyte with hydrophobic side groups and hydrophobic domains typical for chitosan if this chitosan sample was capable of self association before incorporation of hydrophobic substituents.
"Hairy" nanogels. The modified model of nanogels was developed in [42, 132] to describe the probable structure of aggregates of hydrophobically modified chitosan (М = (5.5 -12.5) × 10 4 , DA = 5 mol %) containing a small amount of n alkyl side groups (2-4 mol %).
It was shown that, for these aggregates, the values of R g /R h are 0.46-0.62 [42, 132] , typical values [120, 143, 144] for microgels with a surface layer much looser than the core and, hence, with a much higher hydrodynamic radius R h than gyration radius R g . The appearance of such a strongly swollen surface layer in the aggregates of hydrophobically modified chitosan may have two causes. First, it is difficult to expect that the same "full value" hydrophobic domains will form in the surface layer as in the gel core, because near the boundary with the solvent, the optimum content of associating groups in the hydrophobic domain cannot be attained, because of the lack of associating groups from the side of solution [98, 101] . As a result, the sur face layer of the nanogels proves to be loosely crosslinked. Second, it is expected that the amount of free chain ends will be appreciable on the surface of nanogels, while the amount of loops will be small. In fact, the chains of hydrophobically modified chitosan containing a small amount of hydrophobic groups have sufficiently long terminal chain fragments free of hydrophobes. The majority of these free ends should be expelled on the aggregate surface, because they are free of associating groups; moreover, they contain a large amount charged units that are repulsed from the like charged aggregate. It is not improbable that long "inner" chain segments free of hydrophobes likewise will be expelled on the surface. In this case, a loop will be formed in the shell of the gel. Note that the uneven structure of the nanogel with the loose shell is seen in the TEM images obtained for hydrophobically modi fied chitosan (М = 8 × 10 4 , DA = 8 mol %) containing 7 mol % cholesterol substituents (Fig. 9) [129] .
Thus, in accordance with this model, in addition to the core composed of hydrophobically crosslinked chains, there is a strongly swollen shell covered by the free ends of macromolecules and a small amount of loops. It may be supposed that this hydrophilic shell stabilizes aggregates in an aqueous medium. ), DA = 20 mol %) containing 6 mol % deoxycholic acid groups should have either a "bamboolike" strongly elongated shape or a pseudo spherical shape composed of randomly bound strongly elongated macromolecules, just like a ball like bird's nest is composed of limbs. This structure of aggregates is explained in [31] by the high rigidity of chitosan macromolecules that becomes even more pronounced after incorporation of bulky side substituents. This model was supported by a computer simulation of chi tosan oligomers [31] that showed that the individual chains of hydrophobically modified chitosan occur in an almost fully elongated conformation that is retained during formation of aggregates built of four chains of this kind. In our opinion, these data are applicable only to short chains of hydrophobically modified chitosan whose length is greater the persis tent length only slightly.. Long macromolecules should roll up into coils.
Aggregates of Oligomers of Hydrophobically Modified Chitosan
Star like micelles. The model of star like micelles was advanced in [114] to describe the aggregates of oli gomers of hydrophobically modified chitosan (М = (3.6-4.8) × 10 3 , DA = 3-4 mol %) with a small con tent of hydrophobic groups (3 mol % or one associat ing group per oligomeric chain) [114] .
Micelles with hydrophobic inclusions in the hydro philic shell. In [127] , the model of a micelle with one large hydrophobic core and a hydrophilic shell with many small hydrophobic domains included into it was developed for aggregates of short chains of hydropho bically modified chitosan (М = 3.4 × 10 4 , DA = 5 mol %) with a high content of associating stearyl groups (35 mol %). The presence of hydrophobic inclusions in the micelle corona is related to the high content of hydrophobic groups in macromolecules and steric hindrances created by hydrophilic chains in the shell [127] . In accordance with [127] , hydrophobic groups located near the surface play an important role when micelles are used for delivery of drugs into cells, because they may be incorporated into the cellular membrane and thus may promote the endocytotic capture of micelles by cells.
A similar structure of aggregates was proposed for oligomers of hydrophobically modified chitosan (М = (3.6-4.8) × 10 3 , DA = 3-4 mol %) containing 18 mol % dodecenyl groups [114] . In this case, hydro phobic groups situated in shells of different micelles may interact with each other and form intermicellar hydrophobic domains.
hydrophilic shell
Thus, various architectures of intermolecular aggregates of hydrophobically modified chitosan depending on the polymer structure have been pro posed. In the case of long chains of hydrophobically modified chitosan with a low content of hydrophobes, the aggregates are nanogels containing many hydro phobic domains inside them; in the case of short chains, the aggregates are micelles with one large hydrophobic core.
CONCLUSIONS
Chitosan is attracting progressively growing atten tion of researchers because it possesses a unique com bination of properties and at the same time is an inex pensive and accessible biopolymer obtained from sea food processing wastes. Both chitosan and its hydrophobic derivatives behave as associating poly electrolytes and form finite size aggregates in dilute aqueous solutions. Owing to the valuable properties of chitosan (nontoxicity, biocompatibility, biodegrad ability, positive charge, and high and diverse biological activity), these aggregates show promise as drug carri ers. The aggregates of hydrophobically modified chi tosan show a number of advantages over the aggregates based on the initial chitosan. They are stable in neutral solutions and in a wide range of polymer concentra tions, including strongly dilute solutions. Their dimensions and structure can be easily controlled with the use of relationships described in this review.
